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3. Progress and Accomplishments
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contents will be repeated here.

The Inverse Nottingham Effect (INE) cooling involves emission of electrons above the Fermi level into
the vacuum. Our scheme involves the use of a Double Barrier Resonant Tunneling (DBRT) section
positioned between the surface and the vacuum for a much increased emission, and to provide energy
selectivity for assuring cooling, without surface structuring such as tips and ridges leading to current
crowding and additional heating. Unlike resonant tunneling from contact-to-contact, where barrier
heights and thickness are controlled by the choice of heterojunctions, the work function at the surface
dictates the barrier height for tunneling into the vacuum. The calculated field emission via resonant
tunneling gives at least two orders of magnitude greater than without resonance, however, without work
function lowering, the large gain happens at fairly high field. The use of resonance to enhance cooling
by INE results in an important byproduct, an efficient cold-cathode field emitter for vacuum electronics.

Introduction

The original Nottingham effect dealt with the additional thermal effects beyond the non-ohmic
behavior field emission from metal tips.! The Inverse Nottin§ham Effect (INE) cooling involves
emission of electrons above the Fermi level into the vacuum. “* Our scheme involves the use of a
Double Barrier Resonant Tunneling (DBRT) section positioned between the surface and the
vacuum for a much increased emission, and to provide energy selectivity for assuring cooling,
without surface structuring such as tips and ridges leading to current crowding and additional
heating. Two approaches appeared: (1) The G-T, Greene-Tsu, scheme consists of inserting a
double barrier resonant tunneling section, > between the surface of the semiconductor to be
cooled and the vacuum. (2) The K-L, Korotkov-Likharev, scheme consists of a step inserted -
between the semiconductor and the vacuum. Under the application of a high electric field, the
step forms a triangular quantum well for resonance tunneling.* The G-T scheme offers better
flexibility in design possibility for optimizing cooling while keeping the electric field at the
surface to a ‘safe limit’. The K-L scheme is simple, however, because the step is a barrier
material, usually formed by alloying resulting in lower mobility and hence lower efficiency.
There is a basic principle of symmetry when resonant tunneling is involved. The maximum
transmission at resonance requires a symmetrical structure. It is easy to understand the need for a
symmetrical structure. Imagine that a resonant cavity for photons, the Fabry-Perot interferometer
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having one surface reflectivity much larger than the other, then it is not possible to build up the
field from coherent interference without a symmetrical structure. In DBRT, if one designs a
symmetrical structure without a bias voltage applied, the applied voltage will destroy the
symmetry. Therefore it is important to design the barrier structures as symmetrical as possible at
the operating resonant condition. Thus it is necessary to design a symmetrical potential profile at
the operating voltage.” Unlike resonant tunneling from contact-to-contact, where barrier heights
and thickness are controlled by the choice of heterojunctions. For tunneling into the vacuum, the
work function at the surface dictates the barrier height. And this is the difficulty in optimizing
tunneling into the vacuum via DBRT, because typically the first barrier height is ~ few tenth of
eV above the quantum well, but the 2™ barrier, is determined by the work function, usually
several eVs above the quantum well. One may assume that a very thick 1* barrier can match the
high work function of the 2" barrier. In principle it is possible, however, the quantum state with
thick barriers, instead of a resonant state, is practically an eigenstate, having almost no energy
width to support a large tunneling current. Therefore, we have concluded that the best way is to
search for a 2" barrier with very low work-function.” For this reason, under the HERETIC
DARPA/ARO program, we have been pushing the structure with IIl-nitrides. In view of the
conflicting claims of negative electron affinity for AlGaN with [Al] / [Ga] over 60%, and also it
is doubtful that such material may have good mobility, we calculated cases where we do not
need the low work function. Basically, we know that resonant tunneling can enhance field
emission. We want to see how much gain over the usual Fowler-Nordheim tunneling. It is indeed
encouraging that the calculated field emission via resonant tunneling is several orders of
magnitude above the F-N tunneling at a surface field of several 107 V/em. And if we consider a
surface field of up to ~ 2x107 V/em, it is 2-4 orders of magnitude higher. For cooling, it is
important to extract the emission current with the Pierce-electrode,”™ which is difficult to
implement, so that some of the power at the anode can be recovered as in traveling-wave tube
designs.8 Removing the heat at the anode is identical to removing the heat from the heat
exchanger in any air conditioner. Even if all these practical problems cannot be overcome, there
is a huge byproduct. Field emission with resonance results in an efficient cold-cathode field
emitter for vacuum electronics, which is particularly important in high power TWT!

Background

Originally G-T scheme targeted the use of a p-type semiconductor to produce surface inversion
as in the MOSFET to pull electrons above the Fermi level into the vacuum, [2] while the K-L
scheme targeted the use of n-'[ype.4 We exclude the usual approach of surface structuring such as
tips and ridges [9], because tips result in current crowding which leads to heating and the
problem of robustness. This is the main reason why we decided on the use of DBRT to enhance
field emission into the vacuum. For the convenience of the reader, the original G-T scheme for p-
doped semiconductors method in Fig.1 of Ref. 2 is shown below as Fig. 1. It was shown that the
average energy per electron above the Fermi level at the surface representing cooling is

<E—E};>==An1 [1.5kBT+(Eco“EF)] » o)
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in which A™ term represents a reduction factor due to the presence of tunneling upsettmg the

balance between generation and recombination at thermal equlhbrxum Also for the convenience
of the reader, the K-L scheme taken from Ref. 4 is reproduced in Fig. 2.

Vacuum | RTDB| p-semiconductor

Q. W, state

/ Inversion
E

Resonant
tunneling

Tunneling
suppressed

Fig.1 G-T (Greene-Tsu) scheme: Band profile of p-doped inversion layer under high
electric field with tunneling into the vacuum via a DBRT structure. Also shown is
trapping level at the interface, Ny to be incorporated for increased replenishment of
electrons pulled out into the vacuum.

U~1eV .
¢~4eV »
& A & 1\9 <<5T
d~4nm
dZnS =3 nm
Mzns = 042 Mo
composite emitter U=10eV emitter ~vacuum
Azns = 2.7 eV
msi= 0.2 Mo
(a) (b)

Fig.2 Band profile of the proposed emitter (a) no field, (b) with field. Horizontal lines
in (b) show quantlzed sub-bands. Arrows show RT via the sub-bands. The
lowest sub-band is placed at few kT above the Fermi level so that cooling
occurs with removal of hot electrons of the emitter. Taken from Ref. 4.
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Figure 2 of Ref. 7 that was missing.7 It is reproduced as Fig. 3, showing without NEA
(negative electron affinity), the 2" barrier, the one next to the vacuum is so much thicker except
under extremely high field, so that tunneling current is quite small as in (c).

TP
EV‘C
4
) =

il

Al Ga, N : Vacuum
field

(@) (b) (©

Fig 3: Three cases: (a) no applied voltage with NEA (negative electron affinity), (b) with
applied voltage and NEA, and (c) same as (b) but without NEA, resulting in a '
large barrier marked as B; depending on the value of the applied voltage, the
tunneling current into the vacuum is generally substantially reduced.

Whenever one barrier is much thicker than the other, the transmission coefficient is much
reduced. As mentioned that the restoration of symmetry is key to the success of high gain at
resonance in a DBRT structure, the transmission T and the maximum T, Ty presented in Ref. 7
are repeated here especially, due to printer’s error, the figures were missing in Ref. 7. The
reflectivity and phase shift of a single barrier are, !

R = (K2+a2) 2/ [(K*+a?) 2 + 4 K P F7, @
¢ =tan” [2kaF / (@>~ 1)1, | (3)
in which o = ag?-k% and F = (142 / (1-2%), and kK* =2m*E/ 1%, o = 2m*V,/ %,
where V, and b being the barrier height and width respectively. The transmission, T for well-
width w is ’
T=T,Ty/[(1-R )1 ~-R2)/(1+R;Ra=2 (R Ry) " cos D], (4)
in which @ = ¢; + ¢ + 2kw. At resonance @ = 2nm, so that the maximum T is
Ty=TiT2/[(1 -R )1 =R2)/ 1+ R Ry) ). (5)

The calculated Ty is shown in Fig. 4 for various R; and R,. Note that near unity Ty only occurs
for R;~R,. This is because unity Ty is obtained when the two reflectivities are equal for
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maximum interference. As long as the structure is symmetrical, the transmission at resonance is
always unity. Whenever one of the R; and R is high, the other R must also be high to give a
large Ty. For relatively low value of the reflectivity R, Q (Q is the quality factor of a resonating
system defined by number of cycles a photon is confined before it decays to 1/ e of the initial
value.) is low, and it does not take many traversals to produce a relatively high transmission. -
This is why we need thin barriers to produce high throughput. Since thin barrier needs low work
function or NEA, IlI-nitrides seems to be the best choice at this point. '

Figures 4 is really very important for optimizing the design of RTDs, but for RTFE,
resonant tunneling field emission, the vacuum level is fixed by the work function, so that there is
not much one can do about it. Optimization amounts to picking the right materials for the
construction of the DBRT structure.

10
02
04
0.6
» R =03
< 0.5~ 0.8
=
—
095
099
0 1
0 Q.5 1.0
R2/ R,

Fig. 4: Twm vs. the ratio Ry / Ry for various R;. R, and R; are the reflectivity at the first-
and second-barrier. Note that for R; > 0.95, Ty is only significant for Ry/R; > 0.9.

Direct computations for the tunneling current into the vacuum at resonance have been performed
in this work. We found that the estimate for the thermal current for cooling of ~ 300 — 2000
W/em? in Ref. 2, is too optimistic because in the previous estimate, the difference in the effective
mass in the semiconductor and the free electron mass in the vacuum was not accounted for.

Computation of the RTFE

We have undertaken the direct computation of RTFE, resonant tunneling field emission,
for n-type semiconductors with the barrier structures. Although we have stated several times that
I1I- nitrides appear to be the most promising materials, we selected silicon for the calculation
because as we shall see that we are far from obtaining practical design optimization partly
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because resonant tunneling into the vacuum is far more complex than resonant tunneling from
contact-to-contact.>® We want to establish some rules governing high emission at a given electric
field with the available material parameters. We start with the Tsu-Esaki approach’ by
integrating the transmission T given by the matrix relating the input at the left contact to the
output at the right contact with the appropriate distribution and density of states functions for the
total tunneling current density, the sum of j,, from left to right; and j,, from right to left, or

kyT EEial 3 B +e, »
_ emiy f|:r|21n(ll+e 'Ee “dE,. 6)

273 (E,~E,—eV,) kpT
2n°h +e S )

Jr

Eq. (63 contains an extra term, under the square root, a correction term added in by Coon and
Lieu.!? This correction term is not so important in tunneling from contact-to-contact, but
significant for tunneling from contact-to-vacuum where V, may be quite large. Before we present
cases of interest, let us define some terms useful for the remaining of this article. For emission to
into the vacuum useful as a cold cathode, we need the total current jr defined by an integration
for E = 0 to «. For cooling, because we only remove the hot electrons, the current jy is defined
by an integration for E = Er to . Fig. 6 gives the comparison of the transmission coefficients
of a structure, 5,5,7nm (the 1% barrier width, b, of 5nm, and quantum well width w of 5nm, and a
. vacuum barrier, the 2™ barrier of w = 7nm), and one without resonant tunneling having only the
2™ barrier of 7nm, the F-N tunneling. For better visualization, portion of Fig. 6 is plotted in
linear scale shown in Fig. 7.

10° - PPN
10°
40" =
107" -
20 1
)
30 3 ‘
w ]
1040 =
1°JI -
1040 -
10
10
0%
107 2
107" =

16* F——m——r 17— T

™

—5-5-7nmVa=0V
e 5257 nM Va=6 V
............... 7 nmVa=0V
w7 nm Va=6 Vv

.6

“-

E (eV)

Fig. 6 Transmission vs. energy in eV with and without applied voltage Vo = 6 V
corresponding to an electric field in the vacuum of 7.5x10° V/em. 1% Barrier
height = 0.5eV and 2" Barrier height ( vacuum side) = 4 eV
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4.0
0.8 ~———5-5-7 nm Va=0V
——— 5-5.7 nm Va=6 'V
wed T 7 nm Va=0V
L O O OTO 7 nm Va=6 V
L_. | .
[
0.4 - {
0.2 \ d
0.0 . . e . —— . |
2 3 5

E (eV)
Fig.7 Transmission vs. energy with linear plot in the range of interest where T*T is large.

It is important that we discuss these two figures because the transmission is rather
different from the conventional tunneling from contact-to-contact. Take, for example, the 5-5-7
case, the three peaks near E ~ 0 represent the resonance via the quantum well states. The peak
values are so small because the structure is very asymmetrical due to the high 2" barrier of 4 V.
In fact we thought that the computation was incorrect because we failed to find the resonant
tunneling peaks first. After realizing that the value of these peaks may be so small that we missed
them, we proceeded to look for them, and we found them as shown in Fig. 6. For E > 0.5¢eV,
there are small structures due to interference just above the 0.5¢V of the 1¥ barrier height. There
are no substantial resonant states until the energy is above the vacuum level, at E > 4 eV. The
Jarge oscillation of T*T between 0 and 1 comes from resonant states in the vacuum due to the
vacuum barrier. This point is not too familiar to most although several years ago similar
phenomena were treated regarding the physics of ‘Quantum Step’. [1 1] In fact these resonant
states in the vacuum can be calculated very simply from k, = nn /B, with B being the distance
between the surface of the semiconductor and the anode placement in the vacuum. With an
applied +V with respect to the cathode, T*T shifts to the left. This shift is same as resonant
tunneling from contact-to-contact. For a symmetrical structure, the spectrum is shifted by an
amount in energy very close to V/2. Why is the magnitude of the oscillations so huge? What is
happening is the fact that at higher energy, the 1% barrier and the well region play almost no role.
The bulk of the oscillation is due to the vacuum barrier. The discontinuity of the barrier is further
augmented by the difference of the effective mass in the semiconductor, and free electron mass
in the vacuum. These oscillations are nearly the same for the case shown in dotted having only
the vacuum barrier. Figure 7 shows a linear plot to give a better feeling what is happening. Note
that as the applied voltage increases, these large oscillations of T*T move toward the origin as
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discussed. When they pass the Fermi level of the left contact, substantial tunneling current
appears. Again we emphasize that it only occurs at high electric field, > 107 V/em. This type of
oscillation of resonant tunneling via the quantized vacuum state cannot be obtained by the use of
WKB perturbation usually used for computing tunneling. In fact Mimura et. al. showed the
comparison of tunneling emission from metal-oxide cathode computed from the exact numerical
results agd the WKB approximation clear demonstrated the absence of oscillation with the WKB
method.

e 4 0-5-7 NmM

i, (Arm’)

m*=0.26m_, n=10""cm™

V,=0.5eV, electron affinity=4 eV

S ——————————————-——-
0.0 5.0x10° 1.0x10’ 1.5x10’ 2.0x10

Ev (V/icm)

7

Fig 8 The calculated total tunneling current density vs. the applied electric field for three
cases: dotted for the vacuum barrier of 7 nm only, dashed for 1-5-7 nm, and solid
for 10-5-7.

Figure 8 shows the calculated tunneling current from Eq. (6). Our results are only valid
provided the quantum well region is shorter than the coherence length which is ~ 10 nm, because
no scattering is accounted as in the case of including dissipation factors."® With a large applied
voltage, most part of the barrier moves below the Fermi energy of the contact so that the length
we deal with for these resonant states is the sum of the width of the quantum well and a
significant part of the barrier width. Earlier we discussed the K-L scheme with a semiconductor
step forming a triangular quantum well under a large applied voltage in a material most likely
formed by alloying. Alloys are usually poorer in mobility and thus having shorter mean-free-
path. Now we have the same problem because our quantum well under a large voltage consists in
addition to the quantum well part, a part of the barrier. For this reason, it is far better to have as
Jarge a barrier as possible, which cannot be transformed into a quantum well under a large
electric field. A wider barrier width but lower barrier height presents extra effective barrier at
low field. However, at high field, much of this extra width has a band-edge energy moving
below E=0 so that electrons tunneling through the vacuum barrier see a much lowered vacuum
level. This is the mechanism for the lowering of the effective work function regardless whether

10
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having resonance or not. Resonance results in additional gain in the tunneling process. To make
this extremely important point clearer, we show in Fig. 9 a schematic used for explaining the
origin of the large tunneling current at high field — effectively lowering the electron affinity! A
bias of +Va is applied in Fig. 9, producing a vacuum electric field of F, which effectively
lowers by Ap = F (b + w) / € from ¢,. Obviously making b+w large is what lowers the
effective ¢. However if w + b > mean free path of the electrons, the electrons would be near
E., and no reduction of ¢, is possible. Therefore, the additional gain in tunneling results from
electrons resonantly tunnel via higher energy levels, the vacuum resonant states above
o, lowered to the position of the Fermi level in the contact. In this scheme, the 1% barrier
merely serves to keep the high doping in the contact from going into the undoped regions
which can be lowered by an applied electric field. In this respect, the scheme explored by
Mumford and Cahay !* using hot electrons injected from a metal into a wide bandgap
semiconductor, resonantly tunnel through a thin semimetal layer to effectively lower the work
function bears similar principles.’* Only that our present results show that a much simpler
scheme for the lowering of the work function is possible: injecting electrons into the
quantum well maintaining its energy by avoiding scattering to resonantly tunneling
through the quantized vacuum states! '

i § o

= Exac— Er<

¢y =Evac—(Ec + Er)

+Va

FIG. (9) A schematic potential profile for the DBRT structure under bias of +Va. Note
that the work function ¢, is reduced by A¢ ~ in the figure. '

The computed currents, the total current density jr, and the hot current density ju, for 7 nm case,
lower trace; and those for 10-5-7 nm, the upper trace, using Si as an example, are shown in Fig.
10. Note that, at a field of ~ 1.5 x 107 V/cm, the 10-5-7 case reaches ~ 103A/cm2, which is more
than 10" times greater than the case of 7 nm, without the lowering of the effective work
function. Therefore our results not only can serve the INE cooling scheme, but also can serve
many applications requiring cold cathodes.'> 16
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Fig. 10 Computed currents, total current density jr, and hot current density ju, for
7 nm case, lower trace; and for 10-5-7 nm, the upper trace, for Si. The two
arrows indicate the positions we have calculated the temperature for cooling.

For better visualization, part of the computed results is shown in Fig. 11 with linear scale for the
total current densities. The oscillations are much better shown in a linear plot. It is possible to
utilize the oscillation for modulation of field emission, for example, turning on and off of a
TWT. In fact, these oscillations may be also used to digitize the output of a TWT. It may also be
designed with a two-step scheme, one at much lower field for digitization, and amplified by
another high power TWT. .

A discussion on the placement of the anode is in order. Since barrier-width is reduced by
creating a triangular barrier with an applied voltage, as long as the effective barrier width at
energy for tunneling is same, it does not matter how far away the anode should be placed.
Farther placement of the anode results in more kinetic energy gain after tunneling. Since we
assumed that this extra gain in the kinetic energy may be recovered by the Pierce-electrode, we
simply place the electrode sufficiently close to reduce computational complexity. In
measurements however, it is difficult to design the anode extractor only 7 nm from the front
surface.

The barrier height used in our calculation is 0.5eV for silicon may be achieved by
epitaxially grown (BaxSrix )2 03,7 as well as recent success in a superlattice structure involving
monolayers of oxygen, the Si/O superlattice barrier.'® Therefore, the calculation using silicon as
an example is not just to prove the principle, rather, the structure may be realized. Actually, the
IlI-nitride system seems even more promising because GaN, particularly GaAIN is robust and
possibly having low work function. To summarize, at a tolerably high electric field, the use of
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resonant tunneling can indeed produce a huge gain in field emission over the case without
resonant tunneling even without surface treatment to lower the work function!

5x10°
m*=0.26m_, n=10"* cm™®
o' V,=0.5eV, electron affinity=4 eV -
3x10"§
NE ] 10‘]1_ 7 nm
?, 2x10° - ——j; 10-5-7 nm
1x10'-: [ /ﬂ
n \/
f
0] J\/’V LJ ........................
T T — L T —T
0 1x10’ 2x10 3x10" 4x10’ 5x10”
Ev (V/em)

Fig. 12 Oscillations in the resonant tunneling current at high field for two cases.

For practical considerations, we focus our search for the design of getting a relatively
high current peak at a field in the low 107 V/em regimes. According to Heinz Busta, formerly of
Sarnoff, and Professor Binh of France, a field of 2x10” V/em may be a practical limit. Our
calculations do show that proper choice of design parameter allows us to keep the electric
field at the surface to this limit. *

Calculation of Cooling

For the calculation of the temperature drop from the INE scheme, we start with
V-JQ+—6—§—=ZQ, ' ¢
where the right side represents the sum of dissipation — output via emission, explicitly,

2Q=(PR)ioss - (I V Jemission - (8)
| 50

At steady state and in one dimension, ry = (0. We assume, for a first order approximation,
/A .
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dJ
% ~0, leading to -ng ~0, or £Q=0. Without these assumptions, we need to solve the

differential equétions. In terms of the loss per electron per unit area for the first term in Eq. (2),
and the emission term per electron per unit area for the second term in Eq. (2), there results

I p £ /Ncexp {(Br -Ec)/ ks T} =Ju V/n, 9)

in which J; and Jy are the total current, (integration form E = 0 to o); and the hot electron
current, (integration from E = Er to o), respectively; V is the applied voltage, (anode voltage
applied in the vacuum near the surface), p is the resistivity of the semiconductor, £ is the
thickness of the semiconductor, n is the electron density of the semiconductor (The barrier and

quantum well are undoped.), and Nc is the effective density of states. Then
kBT=(E—-Ep)/£n{(JHV/JT2p£)(Nc/n)}. (10)

To account for the Wiedemann-Franz law relating the thermal and electrical conductivities, i.e.
K/o=(nkg) 2T/ 3e, the term Jy V should be reduced to

JQ = JHV—O.lkBT(JT /e),

where Jq , is the power flow of hot electrons into the vacuum taking into account the
Wiedemann-Franz law. Including a thermal load, Eq. (10) becomes

ke T=(Ec—Fr )/ £n{(JgV/(Jp £ +Thermalload) Nc/n)}.  (11)

At the DARPA HERETIC Principal Investigators” Meeting, Atlanta, GA, on May 23-25, 2001,
we have presented the temperature cooling for three materials, Si, GaAs and GaN, in a
presentation: 18 «Inverse Nottingham Effect Cooling of Semiconductors With Resonant
Tunneling”. At that time, we have used a good estimate of the effect of resonance on Jy, from
known results of resonant tunneling for contact-to-contact, rather than direct _calculation
involving putting an anode in the vacuum. Table 1 presented at the HERETIC Meeting is listed
below for comparison. :

p-type with Inversion : No™ = 10" em®, Cy (Brown) =0.013, Cy ( Chang-Esaki-
Tsu) = 104 A7 (Si)=10.29, A'(GaAs and GaN ) = 0.44

ng(em™) Jo(W/em®)  Jo(C) Ne/ns  — T(K)
Si 1.8 x 10" 360 324 22.6 296
GaAs 4.6 x 10" 1280 1042 1.02 150
GaN 3.8x10" 1030 962 6.8 187
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n-type : Same values for A" and Cy as for p-type with inversion

ns(em™)  Jo (W/em?) Jo (C) Nc/ ng T (K)
Si 1.01 x 10" 325 303 40.3 299
GaAs 2.02x10" 880 843 2.33 138
GaN  0.99 x 10V 1900 1723 ‘ 2.6 107

Table 1. Computed Cooling power Jq for p-type with inversion, and n-type: for Si,

GaAs and GaN using an estimation scheme from resonant tunneling from
contact-to-contact taken from.' ‘

The parameters in the above chart such Al and Cy is defined in Ref. 2. We compare several
cases shown in Table 2 with direct computation. The notations, 1% *, and 2"%*, refer to the points
of operation marked by arrows in Fig. 10. For F-N field emission with a single barrier formed by
the vacuum level under an applied field at the same operating points. Top chart is for the case
without the thermal load. The bottom chart refers to thermal load of 300 W/cm?. Without thermal
load, there is always cooling, even for the F-N case. What it means is that, without thermal load,
as long as one takes out the hot electrons, cooling should result, regardless of how low is the
current level! This is because we have not included any losses in the calculations. In these charts,
NA refers to situation that our theory does not apply or no cooling is possible. The situation is
very different when thermal loss is included. With the inclusion of 300 W/cm? of thermal load,
F-N emission cannot cool because the remover of power via field emission is less than the
thermal load. What is interesting is the fact that there is an optimum cooling. Going from the 1*
to 2™, while Py is much increased, but cooling is reduced because the loss due to current flowing
through the substrate is even higher. We shall also compare the results for Py obtained previously
with the present direct calculation: Previously, Py = 325 W/cm? while the direct calculation gives
2442 W/ecm®. What is most encouraging is the fact that a cooling of 103 K is still possible
with 300 W/cm? of thermal load, employing resonant tunneling operating at an electric
field ~ 1.5x10” V/cm, which is manageable in practice.

Without Thermal Load
PL Pu T AT
(W/cm?) (W/em®) (K) (XK)
Resonance 1* 40 2442 143 157
%
ond 22563 67450 233 67
%
Without 1% 6.29x10" 6.62x10 33 267
Resonance * 24 1
ond 9.80x10° 8.38x10 39 261
* 19 8 _
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P Py T AT
(W/c (W/em?) (K) (K)
mz

Resonance 1% * 340 2442 197 103
2 * 22863 67450 233 67
Without 15 300 6.62x10 NA NA

Resonance 1
200 * 300 8.388x10' NA NA

Table 2. Results of direct computation for tunneling into the vacuum

The term Py refers to the contribution of loss from J 72 p £ , which is quite negligible compared to
the thermal load used at the operating point 1%, however, the loss is huge at the 2n operating
point. The term Py refers to the rate of energy removed via field emission of the hot electrons
above the Fermi level.

Discussion

Our calculated results show that INE can be realized. What is exciting is the fact that
resonant tunneling into the vacuum gives ~10%** times higher emission current over the case
without resonance at an electric field quite manageable. Even if INE cooling scheme is
 ultimately proved to be impractical due to the difficulty with the Pierce-electrode, the huge gain
in the emission current should have a strong impact in cold cathode vacuum electronic devices.
Since the DBRT structure is planar, it should be much more robust than geometrical structuring.

As pointed out before, the low field emission reported by Binh and Adessi, 20 require
further discussion. First of all, inserting TiO, between the metal and the vacuum, structurally
their scheme is similar to the K-L scheme shown in Fig. 2. The calculation in the K-L scheme is
based on resonant tunneling, which takes into account the quantized sub-bands in the well
created by the applied high electric field. However, if losses and dampings are high, quantized
sub-bands cannot exist so that the two models are structurally identical. The question remains
why Binh and Adessi measured low emission current at such low electric field. Heinz Busta
thought that the low current field emission comes from defects inadvertently introduced. It is
likely that the high dielectric TiO, results in “smoothing” the localized defects rendering the
appearance of more uniform emission. We have calculated the K-L scheme from Eq. 6 using the
same parameters as in Ref. 3. The total current density is compared with our model as well as the
F-N case without resonant tunneling in Fig. 13. Note that the high emission occurs at a field of
over 3x107 V/em. As we have pointed out before that usually the mobility of a step using
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alloying is much reduced so that losses should be included. Nevertheless, it is impressive that
such a simple structure with a step is capable of producing a current less than a factor of ten
below the DBRT case!

j (Nm?)

jr 7 nm
——Jj; 10-5-7 nm
—}; 2.5-7nm K-L

T T T 1
3.0x10" 3.5x10 4.0x10° 4.5x10"

Ev (V/icm)

Fig.13 Comparison of the total tunneling current density between the K-L scheme, our
DBRT case, with the F-N case without resonant tunneling.

The large gain in the tunneling current compared to the case without shown in dotted is again
due to the lowering of the effective work-function. The additional gain between 2.75 — 3.3 x 107
V/em is due to resonance gain. We have computed several cases for GaN — AlGaN-GaN system,
seems to be the best possible choice for high current emission discussed previously. Figure 14
gives the calculated total current density vs. electric field in the vacuum for GaN-Alj sGagsN-
GaN with b/w/B cases as shown. A single vacuum barrier of 2nm is also shown for comparison.
The effective mass for the barrier and quantum well are taken to be 0.22 mo and the barrier
height is taken to be 0.8 eV. The internal build-in field, ~ 2-3.6 x 10® V/cm, has not been
included. The calculated current density near a field of 1.5 X 107 Viem is 10* A/em?.
Considering the robustness of the IIl-nitride system, this is the best choice thus far. In fact we
predict that the ideal emitter may be achieved by adding a second barrier of few monolayers of
- AIN at the surface of GaN both as a protection against oxidation as well as for further lowering
the effective work function. Such a system cooperating at a reduced temperature (The field
emitter will be self-cooled by the INE cooling process.) will be an ideal cold cathode for
TWT and other applications requiring high current protected from oxidation of the
emitter.
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Fig. 14 Calculated total Current Density vs. Electric Field in the vacuum for GaN-
Al sGag sN-GaN with b/w/B cases as shown. A single vacuum barrier of 2nm is
also shown for comparison. The effective masses for the barrier and quantum well
are taken to be 0.22 and the barrier height is taken to be 0.8 e¢V. The internal
build-in field, ~ 2-3.6 x 10° V/cm, has not been included.

Conclusion

Let us discuss what is universally known in the field emission community. Most researchers
agree that for a field > 2x107 V/cm, the usual Fowler-Nordheim emission would result in
substantial emission current. At a significantly lower field, work-function lowering such as Ce
on Si so that usuful emission can take place much below 1x107 V/em, for avoiding surface
degradation. Our samples measured by Heinz Busta at Sarnoff, as well as the samples from KL
method designed by Kostantin K. Likharev and fabricated by Wiley P. Kirk (Texas A & M
University) using ZnS on Si and measured by Vu Thien Binh (Laboratoire d'Emission
Electronique, Département de Physique des Matériaux, UMR-CNRS, Université Claude Bernard
Lyon 1) showed structure in emission current at field of ~1x10° V/em or lower, which may be
caused by some inadvertently introduced surface contaminants. What we know now is the fact
that the main factor in obtaining significant emission current at relatively low applied electric
field still needs low work-function at the surface. Since work function lowering has been an
intensive research for more than 30 years, we want to see whether it is possible to design field
emission via resonant tunneling without work function lowering, capable of producing
substantial emission at an electric field below 1x107 V/cm. We are reassured that calculations
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show that it is indeed possible! Resonant tunneling not only can improve transmission by a
mechanism similar to photon resonance cavity, the appearance of higher energy sates due to
quantum confinement effectively lowers the work function at the semiconductor vacuum

interface. Even if INE cooling would be too difficult practically, the huge increase in the -

tunneling current into the vacuum would open the door for vacuum electronics with efficient
cold cathode. Recently, we have fabricated two samples, one with Si and a second one with GaN
for measurements in V.T. Binh’s laboratory in France. Preliminary results indicated that the huge
enhancement in the resonant tunneling current into the vacuum is close to predicted value *!
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Unexpected Dividend

The success of the cooling scheme depends on how successful to pull electrons from the semiconductor to
the vacuum. What is most satisfying was a phone call I received from Professor Binh that something is
wrong with the sample and calculation, that the measured exceeded the calculated by a large factor! I
immediately realized that the work function at the surface has been further lowered by the space charge
occupying the quantum states. However, there is no way to get the field low enough to match the
measured unless we assume that the electron occupying the ground state of the quantum well has actually
moved below the Fermi level at the contact so that the sub-bend is fully occupied, resulting in a large
space charge as shown in the figure below. We solved the system self-consistently and found that the
effective work function is further lowered by almost 1eV!

B JE hytde O E:ﬁ: —> E1:#:

% EEj Jars 0 E, :j# —> /-\
@ (b) ©

(d

~——,

Figure: lllustration of the different field emission mechanisms by a schematic band edge diagrams of the
* nanostructured SSE planar cathode with an applied field F and at room temperature. (a) only resonant tunneling
mechanism; (b) to (d) evolution with space charge formation inside the GaN layer with, as consequence, an effective
Jowering of the surface barrier. In addition to the resonant tunneling and due to the occupation of the quantum state
E,, electrons occupying this state (for example, whenever the level E; moves below 0) can tunnel out of this single
barrier via the usual F-N tunneling, resulting in Jsc (Fig. 3¢), and the total current Jpy = (Jrr + Jsc). (Notes: (i) to be
able to present these band diagrams within this figure, the field representation is not at the same scale inside the
cathode and outside in vacuum in particular if one considers GaN having & = 8¢, with an applied field in the range
of 50 V/umy; (ii) further reduction from the induced image charges due to the space charge in the quantum well is
not shown in this sketch). :

This happy ending was not anticipated. In retrospect, one may ask why no one predicted that.
What is surprising is the fact that I started the resonant tunneling work more than 30 years ago, and I
failed to predict this result. In summary, now we know that the best way to bring down the work function
is to use a quantum well structure on the surface of a semiconductor to create quantum states boxed in by
the vacuum level and a barrier. At some appropriate field, the space charge is shifted up due to the
presence of the quantum states which are brought near the vacuum level. Obviously due to quantum
confinement, there is a slowing down of the process due to resonant effects. However, a typical RTD is
capable of operating near THz, even with a resonant system having a Q = 100, we are still talking about
10 GHz time-response. As a cold cathode, it should be fast enough to modulate emission at 10GHz!

Now I would like to attache the reprint of the recent publication in Appl. Phys. Lett. -
84,1937 (2004)
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emission i obisind throngh 4 sordp! two-step mechanism
under spplicd fold, similar o thy cow in Ref, 4. In & fist
step, electrons are ijectet! in the Gal laver from the cathode
suhstrate by tunneling through he 2 nm Ay Khe N Ry
Thoy will coenpy the sublands that sre under the Fermi
level, cropting 8 concestmtion of electrony indde the GiN
Tayer. De to s electrin eonovntration v space charge for-
mution, there is an upward energy shift, which i schomati-

st Al Cing N fyer (Fig,

{c)

P15, 3 Hustmtion of the different lield emissian madnm;ms oy schematsc: baad sdps dinprums of the mtedructired $SI2 planss cathete with un applicd

b (43 evihating with gice chargs foomadion indd: the (N lay fer with, s

+ the occupanin of the gt date £ | ghatrons

wecnpryayy this dmle (ﬁvrrxmnp?- hemver the bved 7y ke febrov B ran loeze] ot oF shiie sngle bamker vis e mant PN 4wmc§mb. xzatiing maee [Fig.
HciL, anuf the totf curaenl S = { T b P [Nt o Fo be bletu thexs band Ainprams witkn thiz figuos, thos Fdd ruprusactation in et st ther sune scuike

fousde e catforde nad omside in e, in ortalr 1§ oue conshlers GaV heving 2

=B with oo applied Bld in e minge of 38 Voum; {lir further

weductions fus the indnced kmpe champes doe 40 Sy space carge in the quimtnm seell i st daoven in Shiis sheatoh].

Downtonded 11 ke 209410 134.8
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catly repwesented is Fig. 3 with the evolntion from &) to {d);
lesding 10 @ redative lowering of the wicuem lese! eomparest
o the Fenmd lovel of the substrde.
o this modal, te 1w concamibam mechanisms for the
electron emission are Gesoribind hersafier in {A) and (Bh
{A) The first mechsmism i5 the tyoncling fleld eatission
through & lowering week function, e, the electrans are
emitted by g figld emission mechanism from the @untizzg
subbands fnstde the CalN quagdim well,
Figure 1{ad shows twa quaantiam well (QW) staies 5 aad
E, atas hins valiage F=0, In the canventiongl resonnnt em.
neling appeanch5* 5% with the appliction of & biss @ ¥
w« Fy, the stxte B, s gligned with the elecirons in the eomact
At egeryy O E<E, yesphing @0 9 resonant winneling sur-
ront, Jery [Fig. 3a)). There s then g smatl kwering of the
effective work funetion, Howewver, this keweritg by itsed is
‘oot enough o gliow electron emission By tanncling with
finlds in the range of 1P - 10% Vaem, ™ and algo B cannmt
peeognt tor the vory 1ow velies of €. e monsured wm-
nefing barricr of e panostroetured SSE
in our two.step tuancling model, a Jarger foweriig of the
work function doe to space sharge in the QW s crucisd, The
conoepi i when this twe-fimensipnal RD)ike quantum
state 5 nccupied it remalts i g space charge in {he QW,
weading to pdditionn) fowering of the effective work function
- defined by the enerpy of the smee of glectron 10 the vagmm
kevel, A provise quamitative approsch roqoires the nse of the
Adry fmaliont when 3 veltage s appdied ti the striacture, qith
selfeconsistent eafradstions, ™ Howewer, ¥o estimate the Jow-
eving of the work funetion here we nsed & simpler approsch,
invplving firm finding the potentia? doe to the space charpe
ineside the 21 gquantm well, Dsing this coleubnted lowering
of thie work fiincton, the wwa! fivld emission exprossion
-derived frams the FN theory is then fitted to e experimen-
tatly mepcored Beld emission.
in the £V of widdth w, assuming u perfect confinement,
flie chirpe Sensity in the lowest level £y is p=p{m™ %)
X(Ey—E 9 20wisin® syt where m™ is dee effective mass
-of the dectren with charpe 2. Sobving the Poizsen™s equation
we grifwve a¢ the peential enorgy of the spaoe change Fee, Rt
LR ST

P {profde {{wi o 8 sin’ (mxdwiHux —2%), {1}

where gz el st 3, — £ (20 and ¢ is the dicloutric
Comstint.

The maximum whse of Fgo is 8t y2uwid, Fe{w2]
w025 pf € X{x 240253, and the avemge of P
= Fydav]w 6623 o wil], Taking the geerape of the dif-
forence [ = ¥i01), e tmal lowering of the work-
function Adrz Ty, — by is

At e Py d ]+ 055 Flard— PR + Ey @2}

The effective barrior €y is the actirl barrier ot the sur
faze after the lowering and can he determined experimentaily
from the (J ., F7 piats, ie, Dy

For an estimation of Adv we have wken so ™= 0.22m,
esle, for GaN, Fa[w2]=04eV, 03X F{ui— 107

Nowstoaded 31 Bl 2084 (o 104,214,908 141 Rogistivution wirtiont 4o AP Sronge o
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Hanrvet auf ol wia
=042 ¢V, and Ey= (.18 eV, This phag Ad =105V, in,, |
Bem0AT 2V for Fro= 15 eV, This cnlained voha 043
¢V far the effoctive surfiee herrder i vory menr the wxperis
mental wifoes $py mszmed rom the {J,., &) phis, whigh
were in the range of 0,250,533 ¢V,

Therefore, we conchufe that after fhe aceapation of the
gesntum Jeved for the vleotron o the stite By fying below
£=9 the tunacling e S T+ e i3 given by the
FN nunneling through a single harvier eroated hy e vy,
with nn effective harricr of only a fow tomtls an elessron vt
[Fig. 3] This Jowered barricr gt the surface contrals the
writion of the emitied turvent 5, with field,

{B) The reeond mechanism neevrs for elovpted FOMPTie-
wros, do., >0 eV, when hot elestrons can fump over
the first hasrier Jocated between the condinotive sohstrite snid
the Al (Ciay N ultratlin layer, As the secnnd bharrier at the
surface ig bower flesy thun (.5 ¢V due to spaee charpe) fhese
electrons will amit direatly, given Sy . Thiy first barrier con-
irols e wpriation of fhe emined evrvem Sy with somponss
ture.

Tn this dunlbarrier model, the measured teta! envssion
curratll, Sy, will be the sum of hoth conteibutions, Jp.,
@& JytJ . Note that we have miaids mumericat simpdations
in srder to confirm that in gor case by wing Ju,, e o
catenlaie with pond aveumcy vither Qe or 17 by using, ro-
speotively, the plots L. /R wensus 191 and
InE T AT verses (LTE ,

In conchicion, we brve shown in s letter Dyt 3 muws
steyetnred SSE planar eathode gives e possibility to eontro!
she eficcthve sizrfpce bavier for destron emission by moni-
taring the space charge wslue of an glisadhin lnyer af the
mrfioe. Compared to 9 ane-laver §SIEH? by uping &
muitilayer nannstrpetored S3E we have added the possililieg
for 4 fiee contro! of the space charge vilve with the presenee
of subhands dn the QW Morsover, the presonce of the st
barrier induces a separstion hebtwern the thermsionie process
from e fedd emission provess which & eontrelied by the
secand harrier o the mofee. This lagt possibility st o
foree, for example, the conwgl of G sowding pracess by
fnverse Nidtinglmm process, &
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